This study evaluated the potential of a tri-functional monomer (trimethylolpropane trimethacrylate -TMPTMA) for inclusion in a dental composite organic matrix. Initially, four ternary matrixes with different concentrations (wt%) of bi-functional monomers [Bis-GMA (G), Bis-EMA (E) and TEGDMA (T)] were analyzed: GET523, GET532, EGT523 and EGT532 (the numbers (n) represent n×10 wt% of each monomer). The following properties were evaluated: degree of conversion, flexural strength, elastic modulus, hardness, absorption, solubility, diffusion coefficient of water and crosslink density. Based on the best overall results obtained for EGT532, all properties were re-evaluated in a matrix where TEGDMA (T) was replaced by a tri-functional monomer, TMPTMA (A)-EGA532. EGA532 presented the best results for flexural strength, hardness, absorption and crosslink density. EGT523, EGT532 and EGA532 presented the lowest diffusion coefficients of water. The overall results indicated that TMPTMA could be useful in formulating organic matrixes suitable for dental restorative composites.
INTRODUCTION
Since the development of the resin composites by Rafael BOWEN in the late 1950s, many efforts have been made to improve the behavior of this class of restorative materials [1] [2] [3] . In general, resin composites comprise three phases: a organic matrix formed by a mix of bi-functional methacrylate monomers, inorganic filler particles and a silane-coupling agent that chemically bonds the organic matrix to the filler particles. These three phases strongly influence the materials' properties 4, 5) . Irrespective of recent and important developments 1, 2) , organic matrixes of resin composites are still composed of bi-functional methacrylate momomers 6) . 2,2-Bis[4-(2-hydroxy-3-methacrylyloxypropoxy)phenyl] propane (Bis-GMA), the most used methacrylate monomer, is a high molecular weight molecule that has two aromatic rings and two -OH groups in its backbone. On one hand, these characteristics improve properties such as fracture toughness and elastic modulus 7) . However, these -OH groups may also establish inter-and intramolecular hydrogen bonding that strongly increases Bis-GMA viscosity 5, 8) . This high viscosity negatively interferes with the degree of conversion 9) and decreases the loading of high amounts of filler particles into the organic matrix. Moreover, these polar groups also increase the hydrophilicity of the Bis-GMA molecule, thereby increasing its water absorption. To overcome these shortcomings, low molecular weight monomers, such as triethyleneglycol dimethacrylate (TEGDMA), are incorporated to reduce the organic matrix viscosity, thereby increasing the filler incorporation and degree of conversion of the resin composite 5) .
Other high molecular weight monomers were developed in an attempt to improve specific properties of commercially available resin composites 10) . Nonhydroxylated monomers, such as ethoxylated bisphenol A glycol dimethacrylate (Bis-EMA), are used to reduce the water absorption through the organic matrixes 11) . Moreover, the absence of -OH also makes this monomer less viscous than Bis-GMA.
The polymerization of resin composites involves a free radical reaction by breaking aliphatic C=C bonds and establishing C-C covalent bonds between monomers, oligomers and adjacent polymer chains. Theoretically, a greater degree of C=C bond conversion will produce greater crosslinking in the rigid polymeric matrix network. However, the literature shows that, even reaching a high degree of conversion, the polymeric network may present areas with different concentrations of remaining C=C bonds 12) . This structural heterogeneity can lead to the reduction of crosslink density, increasing the plasticization of the polymeric network and jeopardizing the chemical-mechanical properties of the resin composite 13) . In this field, some previous studies have shown that TEGDMA undergoes more primary cyclization reactions rather than effective crosslinking among polymeric chains 14) . This primary cyclization may create areas of microgel formation, also increasing the polymer network heterogeneity.
Trimethylolpropane trimethacrylate (TMPTMA) is a low viscosity, tri-functional monomer that is able to act as a crosslinking agent in polymeric matrixes. This monomer was first used as isofiller, i.e., pre-polymerized filler, to improve wear resistance in experimental microfilled composites 15) and in experimental dental resins 16) . More recently, Ghasaban et al. 17) showed that acting as a crosslinking agent, TMPTMA improved the dynamic mechanical properties of cyanoacrylate adhesives suitable for bone fracture fixation. Although these studies showed promising results for this monomer, there is still a lack of information about the use of TMPTMA for improving the chemicalmechanical properties of organic matrixes suitable for producing resin composites. Therefore, the purpose of the present investigation was to evaluate the effect of replacing TEGDMA with the tri-functional monomer, TMPTMA, on the chemical-mechanical properties of an experimental resin composite organic matrix. The established hypothesis was that the replacement of TEGDMA by TMPTMA would improve the chemicalmechanical properties of the experimental resin composite organic matrix.
Characterization of an experimental resin composite organic matrix based on a tri-functional methacrylate monomer

MATERIALS AND METHODS
Materials
The monomers Bis-GMA, Bis-EMA, TEGDMA and TMPTMA ( Fig. 1 ) were used as received (Essthec, Essington, PA, USA). Initially, four ternary matrixes based on TEGDMA were analyzed (Table 1) . Afterwards, a new matrix was produced, replacing TEGDMA with TMPTMA in the formulation that presented the best overall results in the first phase. In each matrix, 0.6 wt% of camphoroquinone and of 1.2 wt% of ethyl N,N-dimethyl-4-aminobenzoate (EDMAB) (Aldrich Chemical, Milwaukee, WI, USA) were introduced as photosensitizers. The matrices were produced using a dual centrifuge (SpeedMixer, Flaktek, Germany) with three stages of 1 min at 1,500 rpm. All specimens in this study were light-activated with a quartz-tungstenhalogen unit (Optilux 501, Kerr, Danbury, CT, USA), using an irradiance of 650 mW/cm 2 for 30 s.
Degree of monomer conversion (DC%)
Increments of each matrix were inserted in a teflon mold (0.785 mm 3 ) that was positioned on an ATR crystal of an FT-IR spectrometer (Alpha-P/Platinum ATR Module, Bruker Optik, Ettlingen, Germany). The spectra between 1,600 and 1,700 cm −1 were recorded by the spectrometer operating with 40 scans and at a resolution of 4 cm −1 . Afterwards, the increments were light-activated and the spectra were recorded exactly as performed for the unpolymerized increments. The DC% was calculated from the ratio between the integrated area of ababsorption bands of the aliphatic C=C bond (1,638 cm −1 ) to the aromatic C=C bond (1,608 cm −1 ) obtained from the polymerized and unpolymerized increments, using the following equation:
where R=area at 1,638 cm −1 /area at 1,608 cm −1
Flexural strength and elastic modulus
Bar-shaped specimens (n=10) were built up by filling a steel split mold (10×2×1 mm) positioned over a polyester strip. After filling the mold to excess, the material surface was covered with a polyester strip and a glass slide and compressed with a device (500 g) for 20 s to avoid porosities. The specimens were then light activated from the top by two overlapping footprints. After 24 h of dry storage at 37ºC, the specimens were submitted to a three-point bending test in a universal testing machine, with an 8 mm span between the supports, at a crosshead speed of 0.5 mm/min and a 50 N load cell (DL 10000, Emic, Curitiba, Paraná, Brazil). The elastic modulus (EM) was calculated from the linear portion of the load/deflection curve and the flexural strength (FS) from the load at fracture, using the following standard equations:
where l is the support span length (mm), F is the load (N) at fracture, w is the specimen width (mm), h is the specimen height and d is the deflection (mm) at load F.
Knoop hardness number (KHN)
Disc-shaped specimens (n=5) were built up by filling a Teflon split mold measuring 3 mm in diameter and 2 mm in height. The mold was covered with a polyester strip and a glass slide and the organic matrixes were light activated. After 24 h of dry storage at 37ºC, the lightirradiated surfaces of the specimens were wet ground in a polishing machine (DPU-10, Struers, Copenhagen, Denmark), using 1200 and 4000 grit SiC paper. Five Knoop indentations (50 g/15 s), spaced 500 µm apart, were made on the irradiated surfaces of each specimen (Micromet 5104, Buehler, Lake Bluff, IL, USA).
Crosslink density (CLD)
The crosslink density was estimated by evaluating the softening effect of 75% ethanol, according to the method described by da Silva et al. 12) . Briefly, disc-shaped specimens were built up by filling a Teflon split mold measuring 3 mm in diameter and 2 mm in height (n=5). After 24 h dry storage at 37°C, the irradiated surfaces were wet polished with 1200 and 4000 grit SiC paper. Afterwards, five Knoop indentations (50 g/15 s), spaced of 500 µm apart, were made on the polished surfaces of each specimen (Micromet 5104, Buehler). The specimens were then stored in 75% ethanol for 24 h and the Knoop hardness was reevaluated. The crosslink density (CLD) was estimated by using the difference between the mean values of Knoop diamond indentation depth (dk-µm) after and before ethanol storage:
where a smaller difference indicates a higher CLD.
Absorption, solubility and diffusion coefficient of water
Disc-shaped specimens were built up by filling an aluminum mold (6 mm in diameter and 1 mm in thickness). After filling the mold to excess, the surface was covered with a polyester strip and a glass slide, compressed with a device (500 g) for 20 s and light activated (n=5). The discs were placed in a desiccator containing freshly dried silica gel, and transferred to an oven at 37ºC. After every 24 h period, the discs were weighed (AUW 220, Shimadzu, Tokyo, Japan) until a constant mass (m 1) was attained, i.e., disc mass variation was less than ±0.01 mg in any 24 h period. The thickness and the diameter of the discs were measured using a digital caliper (MPI/E-101, Mitutoyo, Tokyo, Japan), and the volume (V ) was calculated in mm 3 .
The discs were then individually placed in plastic vials and immersed in 20 mL of distilled water at 37±1ºC. Subsequently, the discs were removed from the vials at fixed time intervals, blotted dry with absorbent paper, weighed and returned to the same vials with 20 mL of distilled water. On the first day the discs were weighed at time intervals of 5, 10, 15, 30, 60, 90, 120, 150 and 180 min. After the first day, the discs were weighed daily until absorption equilibrium was reached [mass variation less than ±0.01 mg (m2)]. The discs were then placed in a desiccator containing freshly dried silica gel, transferred to an oven at 37ºC and weighed daily until the mass variation was less than ±0.01 mg (m3). The absorption (Sp) and the solubility (Sl) were calculated using the following formulae (µg/mm 3 ):
For a solid bounded by two parallel planes, the Fick's second law relates the diffusion coefficient of water in one dimension (x) as a function of the time, and its solution is expressed as follows:
Here, D is the diffusion coefficient of water and C is the concentration (%) of the diffusing specimen at time t. For longer times of diffusion, the solution to this differential equation is expressed as follows:
Where Mt is the mass uptake (g) at time t, M∞ is the mass uptake (g) at equilibrium, and L is the specimen thickness (m). However, for the initial stages of uptake (when M t /M∞ ≤0.6), the above equation is reduced to:
The diffusion coefficient of water D (10 −13 .m 2 .s −1 ) * For each property, means followed by different letters are significantly different (p<0.05). was obtained from the initial curve slope of the plot of Mt/M∞ against t 1/2 .
Statistical analysis
Statistical analysis was performed using Statgraphics Centurion XVI software (Statpoint Technologies, VA, USA). The data for each variable was separately analyzed using one-way analysis of variance (ANOVA) and Tukey's HSD post hoc test. All analyses were performed at a significance level of α=0.05.
RESULTS
The means and standard deviations for DC%, FS, FM and KHN are presented in Table 2 . No significant difference was found for the DC% (p>0.05). On the other hand, ANOVA revealed statistically significant differences for FS, EM and KHN. The highest FS was presented by EGA532 (p<0.05), followed by EGT532, EGT523 and GET532, without differences among them (p>0.05). The EM recorded for GET523, GET532, EGT532 and EGA532 were not statistically different (p>0.05). The lowest EM was presented by EGT523 (p<0.05), although this was not significantly different from GET523, GET532 and EGT532. The highest KHN was presented by EGA532 (p<0.05). The GET523, GET532, EGT523 and EGT532 matrixes presented the lowest and statistically similar KHN values (p>0.05). Table 3 shows the results for Sp, Sl, D and CLD. With regard to absorption, the result was as follow: EGA 532<EGT532<EGT523<GET532<GET523, (p<0.05). The solubility values recorded for GET532, EGT523, EGT532 and EGA532 were not statistically different from each other (p>0.05). The highest D was presented by GET532 followed by GET523 (p<0.05). EGA532, EGT523 and EGT532 presented similar and lower D (p>0.05). The best CLD was presented by EGA532 (p<0.05), followed by EGT532 and EGT523 with no statistically significant differences and by GET532 and GET523.
The plots of M t /M∞ against the t 1/2 for all organic matrixes are shown in Fig. 2 .
DISCUSSION
In the first phase of the present study, four ternary matrixes were synthetized using bi-functional dimethacrylate monomers commonly used in commercially available resin composites, so that the concentration of TEGDMA in two of them was 20 or 30 wt%. The concentrations of Bis-GMA and Bis-EMA were also maintained constant in two matrices (50 wt%) and ranged in others (20 or 30 wt%). The rationale for this was to analyze the effect of each monomer on the chemical-mechanical behavior of the organic matrixes. In a second phase, all properties were re-evaluated in a new matrix produced by replacing TEGDMA with TMPTMA (EGA532) in the matrix that presented the best overall behavior in the first phase (EGT532).
During the polymerization, organic matrixes of resin composites forms a tri-dimensional polymer network that strongly influences the chemicalmechanical properties of the material. The first aspect that dictates this network formation is the degree of conversion 18) , which is influenced by aspects such as monomer structure (bi-or poly-functionality), molecular weight and presence of polar (hydrogen-bonding) sites on monomer backbones 19) . In the present study, no differences were found in DC% among the matrixes ( Table 2 ). Since the presence of stiff aromatic rings and -OH pendant groups negatively affects the degree of conversion of Bis-GMA molecules 20) , it was a surprising that the matrixes with 50 wt% of Bis-GMA (GET523 and GET532) did not present a lower DC%. Thus, it is most probable that the more flexible ether linkages and the high C=C bonds unit to volume ratio of Bis-EMA and TEGDMA have overpassed the negative effect of Bis-GMA on DC% 20) . In light of the former statements, it is reasonable to assume that the chemical-mechanical properties of the matrixes analyzed here were influenced more by the structure of the monomers and less by the degree of conversion achieved after polymerization.
On the other hand, the CLD was found to be significant ( Table 3 ). This property plays a crucial role on the chemical-mechanical behavior of resin composites because it improves the packing density, reduces the free volume and decreases the polymer plasticization of the composite polymeric matrix 12) . These features may increase the values of flexural strength and elastic modulus 21) , while decreasing the ability of solvents to dissolve into the polymeric network, thereby increasing its degradation resistance 22) . EGA532 presented the best CLD (lower variation in Knoop indentation depths). This result was probably influenced by the highest C=C bonds unit to volume ratio and by the low viscosity of the TMPTMA 9, 23) . During the polymerization reaction of methacrylate matrixes with initial low viscosity, the onset of limiting the diffusion and auto-acceleration are delayed 14) . Moreover, due to the greater statistical likelihood of crosslink formation 21) , it is possible that, even during auto-deceleration (where the polymeric matrix reaches a high viscosity and consequently a reduction in mobility), the physical structure of the TMPTMA monomer ( Fig. 1 ) could favor the establishment of crosslinking between close chains. The synergism between these phenomena could have contributed to the highest CLD obtained with the EGA532 organic matrix. The increasing in TEGDMA content from 20 to 30 wt% negatively affected the CLD (Table 3 ). This can be explained by the great tendency of TEGDMA to form primary cycles during the polymerization reaction.
In a clinical view, the flexural strength of a resin composite should be high enough to support the stresses derived from mastication, while its elastic modulus should be as close as possible to that of the surrounding tissues, i.e., enamel and dentin, in order to avoid or diminish the stress transfer to the tooth-composite interface. In the present study, the EGA532 matrix presented the highest flexural strength ( Table 2 ). This can be explained by its better crosslink density. On the other hand, its elastic modulus did not differ from those of GET523, GE532 and EGT532 ( Table 2 ). Since highly crosslinked polymeric matrixes are brittle in nature, thereby presenting a high elastic modulus, this result was somewhat surprising. The findings of Viljanen et al. 23) could explain this result. These authors showed that irrespective of the larger number of reactive C=C bonds, a dendrimer/methylmethacrylate copolymer presented low elastic modulus, and claimed that the plasticizing effect of pendant side chains influenced this result. Thus, it is reasonable to assume that even presenting the highest CLD, the branched pendant chains of TMPTMA acted as a plasticizer, thereby avoiding an increase in the elastic modulus of EGA532.
The fact that GET523 and GET532 did not present a higher elastic modulus was also surprising because all the matrixes presented a similar degree of conversion (Table 2 ). Due to the presence of two -OH groups, Bis-GMA is more highly prone to establish strong intermolecular interactions that decrease the flexibility of the polymer 9) . Theoretically, this should increase the elastic modulus. One reasonable explanation for this behavior could be based on a synergistic effect of primary cyclization of TEGDMA and the low cohesive energy of hydrogen bonding given by the -O-groups from Bis-EMA, which could have overshadowed the role of Bis-GMA on the elastic modulus of these matrixes.
In dentistry, many studies have tried to correlate the hardness with the wear of resin composites [24] [25] [26] . However, due to the great diameter of the indenter used (Knoop diamond), it is possible that these studies were not able to distinguish between the hardness of the polymeric matrixes to that of inorganic fillers, thereby recording a great variability in the results that could have impaired obtaining a correlation between composite hardness and wear. Differently, in the present study the hardness was measured exclusively in polymeric matrixes. Thus, the current results indicate a contribution of this phase to the overall hardness of a resin composite.
The hardness of EGA532 was the highest among the matrixes. This result is supported by the work of Kawai et al. 16) Those authors proved that experimental binary methacrylate matrixes composed of TMPTMA/ TEGDMA were harder than others formed by Bis-GMA, UDMA and TEGDMA. Moreover, they also found a negative correlation between hardness and wear of matrixes. According to those authors, their findings were due to the 3-D polymer network produced by TMPTMA. Thus, it is most probable that in the present study the highly crosslinked structure of EGA532 positively influenced its hardness.
The values of absorption in the present study clearly show the role monomers play in this chemical property ( Table 3 ). The two matrixes with 50 wt% of Bis-GMA (GET523 and GET532) presented higher absorption than those with 50 wt% of Bis-EMA (EGT523 and EGT532). These findings are supported by previous studies and highlight the influence of polar, hydrophilic -OH groups on absorption. Sideridou et al. 11) showed that poly-Bis-GMA presented higher water absorption than did poly-Bis-EMA and claimed that this was due to the higher cohesive energy density for hydrogen bonding of -OH (2,980 J/cm 3 ) when compared to the -O-group present in Bis-EMA (881 J/cm 3 ). Additionally, when analyzing three resin composites, Örtengren et al. 27) showed that the absorption of composites with Bis-GMA and TEGDMA in their matrixes was comparatively higher than a composite with Bis-EMA, i.e. an ethoxylated bisphenol A glycol dimethacrylate without hydrophilic -OH groups. The absorption recorded for EGA532 was the lowest. It is safe to assume that this behavior was influenced by the better CLD achieved with this matrix. Another important aspect in this current study was the higher D (the rate at which the water penetrated the polymer network) presented by the matrixes with a high content of Bis-GMA (Table 3/ Fig. 2) .
Different from absorption, the current results did not show a remarkable influence of monomers on solubility (Table 3 ). Most probably, this behavior was influenced by the similarity in DC% among matrixes ( Table 2 ). In fact, previous studies have already shown that solubility correlates well with degree of conversion 4, 28) .
CONCLUSION
The EGA523 matrix presented better behavior regarding flexural strength, hardness, absorption and crosslink density. Moreover, this matrix behaved similarly to the other matrices for the remaining analyzed properties. Thus, the formulated hypothesis that the replacement of TEGDMA by TMPTMA would improve the chemical-mechanical properties of the experimental organic matrix was accepted. It was concluded that the tri-functional monomer TMPTMA has the potential to formulate organic matrixes to produce dental composites. Future studies analyzing new organic matrixes with different concentrations of TMPTMA must be performed.
